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Inexpensive software tools 
make fuzzy logic easy to 
learn and apply. Dedicated 
fuzzy processors and 
enhanced microcontrollers 
make applications run fast. 
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IF YOU WOULD RATHER DERIVE COMPLI- 
cated mathematical equations than approach a 
problem from an intuitive point of view, then you 
probably won't be interested in fuzzy logic. Like- 
wise, if you have unlimited time and 
money to spend on design tasks, then 
fuzzy logic may not appeal to you. 
And if you don't mind your designs 
being expensive to produce and hard 
to modify, then you won't want to 
waste your time on something that 
sounds so, well, fuzzy. 
But if you live in the real world, 
you need to know about fuzzy logic. Although it 
may sound like a laughable oxymoron, fuzzy logic 
is quickly gaining respect as a technically viable 
and cost-effective discipline, especially for embed- 
ded control. Fuzzy logic is also easy to learn and 
apply, and a handful of companies have products 
that can help you get started 




Fuzzy-logic products for designers include both 
software and hardware. The software ranges 
from freeware fuzzy-logic inference kernels for 
microcontrollers to computer-aided software engi- 
neering (CASE)-like packages that minimize ap- 
plication programming. The most elaborate pack- 
ages provide help in all the steps of designing, 
simulating, and testing a fuzzy controller. 

Fuzzy-logic hardware includes dedicated fuzzy- 
logic processors and coprocessors, plus computer 
boards that use those chips. You can get fuzzy- 
logic educational kits, which include some soft- 
ware, for as little as $195; for $400 to $600, you 
can get both software and a fuzzy-logic board that 
plugs into a PC. Even full-scale professional soft- 
ware tools for fuzzy logic are fairly inexpensive, 
ranging in price from a few hundred dollars to a 
few thousand. 

Fuzzy-logic development tools simplify con- 
troller design by capitalizing on fuzzy logic's intui- 
tive, common-sense appeal (see box, "Basic fuzzy- 



Fig 1 — Fuzzy-logic software tools 
help you write controller rules and 
sketch membership functions. Here, 
the graphics editor in Hyperlogic's Cu- 
bicalc helps specify an output mem- 
bership function (lower right quarter 
of display). 
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logic design"). With some of the 
tools, you can show how you want 
a controller's outputs to relate to 
its inputs simply by drawing sketches 
and writing plain-language rules 
(Fig 1). Then, through simulation, 
the tools produce graphical displays 
of your controller's behavior (Fig 2) 
and let you alter that behavior by 
simply altering your sketches and 
rules. 

Fuzzy-logic tools are especially 
valuable for prototyping. You don't 
have to be a programmer to use the 
tools; you just have to know how 
your system should behave. How- 
ever, the tools will also help you 
produce code for actually imple- 



menting your fuzzy-logic system. 
Some generate C code; others pro- 
duce assembly language. Of the as- 
sembly-language versions, about 
half produce code for familiar 8-bit 
microcontrollers; code from the oth- 
ers runs on dedicated fuzzy-logic 
chips. (For brief descriptions of 
some available tools, see box, "A 
fuzzy-logic toolbox.") 

Although you can implement 
fuzzy logic on a general-purpose 
processor, a few companies — Togai 
Infralogic, Omron, and American 
Neuralogix, for example— sell ICs 
specifically designed to implement 
fuzzy logic. The chips vary consider- 
ably in capability and price, from 



around $10 for a simple fuzzy copro- 
cessor to about $200 for a stand- 
alone, RISC-architecture fuzzy 
processor. 

Major semiconductor companies 
are also getting interested in fuzzy 
logic. Several have alliances with 
fuzzy-logic companies and are plan- 
ning future fuzzy products. Exist- 
ing partnerships include Motorola 
and Aptronix, Siemens and Togai, 
NEC and Omron, and Samsung and 
American Neuralogix. SGS-Thomson 
is also planning fuzzy-logic products. 

Dedicated fuzzy chips are useful 
for complex control systems, but 
many fuzzy applications don't re- 
quire special hardware. Because 



fuz 

of 

mi' 

soi 

bit 

sig 

oft 

du 

( 



Basic fuzzy-logic design 



Fuzzy logic works as humans do in that it easily proc- 
• esses imprecise (fuzzy) variables such as "warm" or 
"fast" or "slight throttle" instead of insisting on need- 
less numerical precision. A primary underlying principle 
of fuzzy logic is that precision is often unnecessary and 
even counterproductive (Ref 1 ). By relying less on pre- 
cision and more on a human designer's seat-of-the- 
' pants intuition about how something should work, fuzzy- 
logic controllers can often be simpler, cheaper, and 
more reliable than traditional controllers. 

Consider, for example, how you steer a car. You 
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to the right. You don't, and probably couldn't, make 
steering decisions based on numerical inputs about your 
car's heading. Fuzzy logic works much the same way. 

Hardware systems necessarily receive numerical in- 
puts, however, so a fuzzy controller must "fuzzify" . : 
those inputs in order to use them. For example, a con- , 
troller might convert a certain measured temperature 
to a fuzzy variable called Warm. The controller then, 
applies the fuzzified inputs to an inference mechanism, 
consisting of if-then rules, to determine what actions to j 
invoke. An example rule might be, - "If Temperature is 
Warm, then make FanSpeed Medium." Finally, the con- 
troller must "defuzzify" actions in order to apply them : 
to an actual device. For example, it might convert a • 
medium fan speed to a voltage that will turn the fan 
at 200 rpm. 

The design of a fuzzy controller follows the three 
steps of fuzzification, inference, and defuzzification.. 
In each step, you just use your common sense and 
intuition. 

In fuzzification, a controller applies numerical (crisp) 
inputs to simple functions that define crisp-to-fuzzy 
transformations (Fig A). You define and sketch these 
functions as part of your design activity. Each function 
is merely one that seems reasonable to you. Most func- 
tions have the shape of a triangle or a trapezoid. If a 
function turns out not to be adequate, as determined, 
by testing a fuzzy-controller design, it is easy to modify. 

Each function actually defines a fuzzy set. The theory 
of fuzzy sets is different from that of conventional sets. 
In fuzzy logic, an element may be partially a member 
of a fuzzy set. We say that it has d certain "degree,* 
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fuzzy logic is not very demanding 
of computing power, ordinary 8-bit 
microcontrollers are adequate for 
some tasks that might require a 32- 
bit processor for a conventional de- 
sign. As a result, fuzzy products are 
often considerably cheaper to pro- 
duce than conventional products. 

Ordinary microcontrollers are 
usually adequate for fuzzy-logic con- 
trol tasks as long as the system 
sampling rate isn't too high. Ac- 
cording to fuzzy-logic consultant 
David Brubaker of the Huntington 
Group (Menlo Park, CA), an 8-bit 
microcontroller will probably work 
well if the sampling interval is a 
half second or greater. 



Motorola's fuzzy-logic strategy is 
three-pronged: existing microcon- 
trollers, enhancements to those mi- 
crocontrollers, and dedicated fuzzy 
processors. The enhancements will 
speed up the fuzzy functions that 
demand extra computations; dedi- 
cated chips will be for specific appli- 
cations. Steve Marsh, director of 
strategic operations for Motorola's 
Austin microcontroller division, 
says dedicated fuzzy processors 
make sense only for applications, 
such as graphics, that don't already 
use conventional microcontrollers. 
Fuzzy processors will not replace 
microcontrollers, Marsh says, but 
augment them. 



Whether you design fuzzy logic 
using a dedicated chip or a micro- 
controller, your approach will not 
follow convention. In a conventional 
control system of at least moderate 
complexity, you describe the de- 
sired system behavior with equa- 
tions or look-up tables. Often, 
though, equations are difficult or 
even impossible to express, and 
you may have to derive entirely 
new equations to make a relatively 
simple system modification. Look- 
up tables have disadvantages, too. 
They can be long, using scarce 
microcontroller memory, and they 
can result in jerky system response 
as a conventional controller steps 



of membership" ranging from to 1 , inclusive. Thus, 
the functions that you define are called input-member- 
ship functions. 

Fuzzy logic also lets elements be partially in one set 
and partially in another. In Fig A, the temperature 
71 °F has a degree of membership of 0.4 in the set 
Comfortable and a degree of membership of 0.2 in the 
set Warm. The overlap of membership functions corre- 
sponds to human notions,- we say that a certain tern- 




Fig B— Defuzzification of fuzzy values results in crisp values 
that can apply to actual devices. Here, the fuzzy values Low 
and Medium (representing fan speeds) combine to form an 
intermediate value in numerical form. The value is closer to 
Low than to Medium because the condition corresponding to 
Low is more nearly true than the condition corresponding to 
Medium. 







perature, for example, corresponds both to ' 'fairly com- 
fortable" and to "slightly warm." 

Because an element can be a partial member of a 
fuzzy set, a fuzzy controller can take partial action 
based on that membership. A fuzzy controller can also 
combine the actions that are based on membership 
(full or partial) in different fuzzy sets. For the situation 
corresponding to Fig A, a controller would ideally place 
twice as much emphasis on the action associated with 
Comfortable (for example, "make FanSpeed Low") as 
on the action associated with Warm (for example, 
"make FanSpeed Medium"). The result (Fig B) would 
be a fan speed between low and medium, but closer 
to low. A human would probably do much the same 
thing. 

' Defuzzification must accompany the combining of ac- « 
tions for you to obtain a crisp value that you can apply 
to an actual device. For example, you would need to 
convert a fuzzy fan speed between low and medium 
to an actual rotational speed, or perhaps an appropri- : 
ate motor voltage. Combination and defuzzification oc- 
cur via output membership functions, which you define 
as you do input membership^ functions, by sketching v 
something that seems reasonable. 

Different methods exist for combining actions. One fj 
common method, illustrated in Fig B, computes the cen- 
troid of all applicable output membership functions. 
Many fuzzy controllers work well, however, by invoking 
only the one action that the inference mechanism sug- 
• ' gests is the most appropriate. This robustness is typical 
of fuzzy controllers and is a main reason why fuzzy 
logic is gaining so much favor. 
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from one table value to another. 

In a fuzzy control system, you de- 
scribe the desired behavior in sim- 
ple rules that are based on your 
practical, intuitive understanding of 
the problem. With some of the 
CASE-like tools, you can express 
rules in ordinary language; a typical 
rule would be something like, "If 
Temperature is Hot, then make 
FanSpeed High." A simple fuzzy 
controller might require less than 
ten rules; a complex one might need 
30 or 40. 

A fuzzy controller applies the 
rules to system inputs to determine 
appropriate system actions. First, 
however, you must convert those 
inputs from "crisp" numbers (meas- 
ured temperatures, for example) to 
"fuzzy" variables that your fuzzy con- 
troller can use. In fuzzy-logic jargon, 
this process is called fuzzification. 

Fuzzification of crisp inputs oc- 
curs via input-membership func- 
tions, which you define. For exam- 
ple, you could use a simplified bell 
curve centered at 68°F to define 
"Comfortable." 

Most membership functions, in 
fact, have simple, geometric 




The FC110 fuzzy processor from Togai In- 
fralogic uses a RISC architecture to speed 
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shapes. Triangle shapes are a crude 
approximation to bell curves, and 
they work well for a majority of 
fuzzy-logic control applications. A 
step up in complexity is the trape- 
zoid, essentially a triangle with its 
top lopped off. According to Earl 
Cox, a Chappaqua, NY-based con- 
sultant in fuzzy-logic applications, 
triangles and trapezoids are ade- 
quate for about 90% of applications. 
(See the two Design Features on 
fuzzy logic in the June 18, 1992, 
EDN for more-detailed examples.) 

When you design a fuzzy control- 
ler, you specify the shapes of mem- 
bership functions by coding a few 
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Fig 2— Aptronix's Fide provides three different displays of input/output relationships. In 
this one, a 3-D surface shows the system output as a function of two inputs. Others 
reveal the same information in contour displays and cross-section views. 
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point coordinates or by using a 
graphics editor in one of the avail- 
able fuzzy-logic software tools. 
Tools with graphics editors include 
Cubicalc ($495) from Hyperlogic, 
TILShell ($2300 to $3300) from To- 
gai Infralogic, and Fide (pro- 
nounced fee DAY, $1495) from Ap- 
tronix. A limited-capability version 
of Fide is included in Motorola's 
$195 fuzzy-logic education package. 

Some fuzzy-logic chips allow 
membership functions of arbitrary 
shapes; others limit functions to 
only a few shapes or even to trian- 
gles only. Togai's $200 FC110 fuzzy 
processor, for example, allows user- 
defined arbitrary shapes; Omron's 
FP-3000 fuzzy coprocessor, which 
sells for $75 to $100, allows four dif- 
ferent shapes. The $10 Neuralogix 
NLX230 allows only triangles. 

In microcontroller-based fuzzy 
applications, membership functions 
face practical limits imposed by 
processing requirements. To keep 
computation time within reason, 
the functions must be relatively 
simple. You can partially avoid the 
computation bottleneck by choosing 
an appropriate microcontroller, 
however. Motorola's 68332, for ex- 
ample, has a table-interpolate in- 
struction that speeds up calcula- 
tions involving pairs of member- 
ship-function points. 

Denazification of system actions 
occurs via output membership func- 
tions, which you define as you do 
input membership functions. This 
process, to be discussed later, is 
more complicated than fuzzification, 
however, because it involves com- 
bining the actions that result from 
multiple rules. 

The process of inferring fuzzy ac- 
tions by applying fuzzy inputs to a 
rule base is called, appropriately, 
fuzzy inference. Fuzzy-logic imple- 
mentations use two common infer- 
ence mechanisms — denoted max-min 
(or min-max) and max-dot (Ref 1) 
— but you probably won't be con- 
cerned with their differences until 
you're well past the novice stage 



in fuzzy design. Despite their differ- 
ences, Brubaker notes, both meth- 
ods operate basically the same. 

Partial truth and consequence 

The fuzzy inference process de- 
termines which fuzzy rules "fire," 
or are true. Unlike the rules of con- 
ventional logic, however, which fire 
completely or not at all, fuzzy rules 
fire only to the degree that their 
antecedents (the "if parts) are 
true. This degree of truth deter- 
mines an output activation level, or 
the degree to which the rules' con- 
sequents (the "then" parts) will be 



invoked. You might say that if a 
condition "sort of exists, then a 
corresponding action is "sort of 
invoked. 

After a fuzzy controller deter- 
mines what actions to invoke and 
at what levels, it must defuzzify the 
fuzzy actions so that they produce 
an appropriate crisp action on an 
actual device. Ideally, the control- 
ler also combines actions that result 
from different rules. This combining 
of actions, each of which may be a 
"partial" action, contributes to 
fuzzy logic's robustness, reliability, 
and similarity to human reasoning. 



Fuzzy-logic implementations use 
several methods for combination 
and defuzzification (Ref 1), but 
some fuzzy systems don't combine 
actions at all; they invoke only the 
one action corresponding to the rule 
that is "most true." Surprisingly, 
such systems can be very accurate 
and reliable. 

The commonly used method that 
is best for combining actions com- 
putes the centroid, or center of 
gravity, for the combination of all 
clipped or scaled output member- 
ship functions. The centroid method 
requires a great deal of computa- 



A fuzzy-logic toolbox 



Software tools are a valuable aid in designing fuzzy- 
logic applications. They're also a bargain. Full-featured 
tools range in price from a few hundred dollars to a 
few thousand. Some software is even free. 

The freeware is from Motorola. You can download 
it from Motorola's computer bulletin board; the phone 
number is (512) 891-3733. The two components of the 
freeware are a fuzzy-logic kernel and software that 
helps you create membership functions. You can use 
the freeware for developing applications on 68HC05 
and 68HC1 1 microcontrollers. 

Motorola also offers fuzzy-logic educational kits. The 
basic kit, for $195, includes a demo version of Fide, 
the professional fuzzy-logic tool from Aptronix. For 
$600, you also get a hardware emulator for your 
choice of microcontroller. 

You can also get a complete version of Fide either 
from Motorola or Aptronix. The latest version, which 
sells for $ 1 495, includes a graphical editor for member- 
ship functions. Other key features are simulation, analy- 
sis, and trace capabilities. Fide also includes what Ap- 
tronix calls a "composer" for merging fuzzy code with 
other system code. In addition to generating assembly 
code for Motorola's 68HC05 and 68HC1 1 microcon- 
trollers, Fide also produces C code. A future version, 
due later this year, will support Motorola's 68HC16 
and 68300 families and 56000 DSP family. 

Cubicalc ($495) from Hyperlogic is a capable proto- 
typing tool. Its features include graphical editing of 
membership functions. Cubicalc RTC, a $795 expanded 
version of Cubicalc, generates C code. RTC requires 
either a Microsoft C or a Borland Turbo C compiler. 
The code it produces will run in RAM-based or ROM- 
based embedded systems and with real-time executives 



for 8-bit microcontrollers. The RTC package includes 
binary run-time libraries for 80x86 processors; source 
code is available if you need to use the libraries on 
other processors. Hyperlogic also sells Cubicalc RTC 
in combination with Cubicard, a PC-compatible plug-in ' 
card that's useful for control-system applications. The 
combination package costs $1495. 

Togai Infralogic's tools are among the most exten- 
sive, and expensive, available. The suite of products 
includes modules for graphical design, graphical analy- 
sis, and code development. Complete development- 
system packages come in . several different versions. 
One generates C code, others produce code for spe- 
cific processors. Those processors include Togai's own 
FC1 10 fuzzy processor; the H8/300, 1 H8/500, and 
HMCS400 from Hitachi; and Mitsubishi's 37450. Togai 
also sells an SBus fuzzy-logic accelerator board. Prices 
for Togai products range from $750 for the FC110 
development system to $18,500 for a version of the 
MicroFPL development system for a specific processor. 

Other software tools help you produce code for the 
tool makers' own fuzzy chips and boards. American 
Neuralogix, for example, provides some basic software 
as part of its $395 ADS230 training and development j 
system. The package includes a PC board with a resi- 
dent NLX230 fuzzy processor. 

Omron's FS-10AT software ($695) runs on a PC and 
produces object code for Omron's FP-3000 fuzzy proc- 
essor or PC-resident FB-30AT fuzzy-inference board 
($1100). These and other fuzzy products from 
Omron — including various types of modules for pro- : 
grammable-logic controllers — are aimed primarily at in- i 
dustrial control systems. 
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tion, however, so its use is some- 
what restricted. If your application 
requires the centroid method and 
is time-critical, you may need a 
fuzzy processor, such as the Omron 
FP-3000 or the Togai FC110, that 
implements the centroid method in 
silicon. 

Some microcontrollers are adept 
at computing centroids, however. 
New versions of Motorola's 68HC11, 
for example, have built-in math co- 
processors that can speed up the 
required multiply/accumulate func- 
tions. A coprocessor for the 68HC05 
is also in the works. The 68HC16 
needs no coprocessor; it has a stan- 
dard multiply-accumulate instruction. 

Begin with a prototype 

Your initial efforts in designing 
a fuzzy-logic controller probably 
won't involve such nitty-gritty 
hardware details, however. To be- 
gin, you'll probably design a proto- 
type; then you'll get it to work prop- 
erly in an iterative process of simu- 
lation and redesign. 

Cox observes that building a 
fuzzy system is really a matter of 
defining a control surface for the 
system; the system operates by con- 
verging to a solution on that sur- 
face. Essentially, Cox says, you 




Hyperlogic's Cubicalc aids development of fuzzy-logic applications. Cubicard is a PC- 
compatible plug-in card that's useful in control-system applications. 



sketch out what you believe are the 
underlying fuzzy sets, or member- 
ship functions, associated with 
every term in your system. Then 
you write rules that state what 
should happen when system inputs 
are members of those fuzzy sets. 
Finally, you run the system on a 
simulator, and you tweak the rules 
and membership functions until 
your system performs correctly. 



Software simulators greatly as- 
sist your checkout efforts by show- 
ing you the effects Of fuzzy-system 
inputs on system outputs. Aptronix's 
Fide, for example, provides three 
different displays of input/output 
relationships. In one, a 3-D surface 
shows the system output as a func- 
tion of two inputs. A second view 
reveals the same information in a con- 
tour display. A third display shows 
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The ADS230 training and development sys- 
tem from American Neuralogix includes 
software and a PC board with a resident 
NLX230 fuzzy processor. 

system output in two cross-section 
views, each for a different input. 

If a display reveals an output 
anomaly, you can use a trace fea- 
ture in Fide to identify the rule or 
rules at fault. Cubicalc's display ca- 
pabilities are less extensive, but 
flexible. Built-in display features in- 
clude a strip chart (a variable ver- 
sus time) and a scattergram (one 
variable against another). However, 
you can also link Cubicalc to other 
Windows applications and thus use 
the plotting tools of other programs — 
Microsoft's Excel, for example — to 
display simulation results. 

When your fuzzy system works 
the way it should and you're ready 
to implement it in program code, 
software tools can simplify the job. 
They generate either C code or as- 
sembly language from your fuzzy 
rule base and membership func- 
tions. Some also have features to 
help merge the fuzzy code they gen- 
erate with other system code. 

If you're anticipating developing 
an actual fuzzy application, you'll 
eventually have to choose a proces- 
sor to run it. Whether you choose 
a dedicated fuzzy processor or a 
standard microcontroller, an intelli- 
gent choice will depend on your 
having more information than this 
article can provide. Ref 1 through 
Ref 6 provide good general informa- 
tion, but you'll need some actual 
practice with fuzzy design to know 



what hardware is best for certain 
applications. 

Different fuzzy processors, for 
example, have different capacities 
for number of rules, number of an- 
tecedents per rule, number of con- 
sequents per rule, and number of 
membership functions per input. 
They also provide different infer- 
ence methods and allow different 
types of membership functions. You 
have to determine your require- 
ments for each of these parameters, 
and you need experience to do that. 

The best advice for getting that 
experience is, "Just do it." Get one 
of the educational kits, software 
packages, or development kits and 
plunge in. It won't cost much, and 
you'll probably have fun. In a 
widely used training example, you 
can design a fuzzy dog that chases 
an elusive fuzzy cat. S3D 
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